Arabidopsis.
First, the authors investigate the sequence requirements for pri-miR319a processing in vivo. They found that whereas the lower stem is not required for processing, the upper stem and terminal loop were indispensable. By contrast, the lower stem was found to be required for the processing of other miRNA, miR172. This is very exciting since it is radically different to what has been observed for animal miRNAs and suggested the existence of a novel processing mechanism for miR319.
Use of 5'RACE-PCR protocol allowed Bologna and co-authors to demonstrate the existence of a loop to base processing mechanism. A detailed study of the loop sequences required established that the top region of pri-miR319 is crucial to determine the patterns of cleavage that allow biogenesis of miR319. Furthermore, the authors demonstrate that the numerous bulges in the pre-miR-319 prevent accumulation of small RNAs other than the actual miRNA.
The main body of the experimental evidence is based on both functional and quantitative analysis of miR-319 ectopic expression in its wild-type and numerous mutated forms. Phenotypic analysis of plant leaf shape and northern blots of transgenic miRNAs provide compelling evidence supporting a non-canonical processing pathway of miR-319 and miR-159.
In summary, this manuscript reveals a novel mechanism of miRNA biogenesis operating in plants.
The authors convincingly show that miR-319 and miR-159 are produced through a non-canonical processing pathway, which depends on the apical part of their precursor stem-loop structure. In my opinion this manuscript significantly contributes to understanding the miRNA biogenesis pathway in plants and is most appropriate for publication in the EMBO Journal.
Specific comments 1. The apical region of miR-319 is essential and sufficient to initiate miR-319 precursor cleavage by the DICER LIKE 1 nuclease. Would the mutant harboring the miRNA/miRNA* adjoined to miR-319 apical region still support the non-canonical processing pathway? 2. On Fig. 2 , it is shown that both ath-miR-319a and ppt-miR-319a follow the same loop to base mechanism while generating mature miRNAs. In light of no apparent structure and/or sequence similarity of the apical regions of the corresponding stem-loops what would be the possible explanation for the similar miRNA biogenesis mechanism?
Referee #2 (Remarks to the Author): Summary Bologna et al. investigated the structural requirements for excision of development-regulating small RNAs, known as microRNAs (miRNAs), from their fold-back RNA precursors. They uncovered a novel processing mechanism that affects two evolutionarily conserved plant miRNAs, miR159 and miR319. These molecules control organ fate by specifying the cleavage of developmentally important mRNAs. For example, Palatnik et al. Nature 2003 found that miR319 controls leaf morphogenesis by negatively regulating the expression of TCP transcription factors.
The miR319 precursor (pre-miRNA) has been used as the backbone for artificial miRNA constructs (Schwab et al. 2005) , but the mechanism underlying miR319 biogenesis was not known. The widely accepted paradigm for plant miRNA biogenesis, reviewed in Voinnet Cell 2009, assumes that a Dicer endoribonuclease enzyme (Arabidopsis DCL1) attacks all pre-miRNAs starting at their base. The present study convincingly argues for a revision of the paradigm, establishing "loop to base" processing as an alternative but not exclusive mechanism for miRNA biogenesis.
Technical aspects and suggested impact
The work is of excellent technical quality. Palatnik et al. 2003 found that miR319 overexpression causes a crinkled leaf phenotype, known as jaw-D for historical reasons. The present study used this phenotype as an elegant assay to report on the precise excision of miR319 from precursor variants.
Absence of jaw-D phenotype in a given transgenic Arabidopsis strain indicated that miR319 could not be excised from the corresponding construct in vivo. These observations were reinforced by small RNA blot and 5'RACE analyses that are consistent with "loop to base" processing.
Several important, previously unanswered questions about pre-miRNA processing were tested, i.e.:
(1) does the lower stem (or "base") structure specify the miRNA excision point, or rather do the upper stem and loop encode this function, (2) does the presence of a terminal loop and its size affect dicing, and (3) do bulges present is the upper stem prevent anomalous small RNA excision from non-miRNA portions of the stem? This last question has relevance for models of miRNA gene (MIR) evolution and deserves more attention than is afforded by the authors' discussion.
Past studies hypothesized that MIR genes evolved from ancestral "proto-MIRs", which were products of inverted gene duplication (Allen et al. 2004 ). Given their inverted-repeat origin, protoMIRs would have tight stem structures with few bulges, making them susceptible to processing by multiple DCL enzymes (Rajagopalan et al. 2006 , Vazquez et al. 2008 , also reviewed in Voinnet 2009). Selection for miRNA regulation would work against precursor mutations that abolish miRNA function but favor mutations that prevent off-target small RNA biogenesis, perhaps even narrowing precursor processing to DCL1 alone. The results in Figure 5 support the above described evolutionary model, are generally relevant to the miRNA field and might be addressed as such in the authors' discussion.
Concerns to be considered before publication are listed below:
Major concerns
(1) The abstract states that, "the biogenesis of miR319 is conserved in the moss Physcomitrella patens showing that its processing mechanism predates the origin of land plants." Finding miR319 loop to base processing in a moss is insufficient evidence to argue that these phenomena predate the origin of land plants. A common land-dwelling ancestor to Bryophytes, Angiosperms, etc., must have evolved miR319 function, but it does not follow that miR319 predates the origin of all land plants. This imprecise phylogenetic logic should be corrected in the abstract and results; the authors employ more cautious language in their discussion, which need not be changed.
(2) pre-miR319 processing was thoroughly analyzed by making changes to both its lower and upper stem sections. This approach was not mirrored for the canonical case, miR172. It would be useful to analyze modifications to the upper stem of pre-miR172. Alternatively, similar data for miR298a, miR165a or miR164c would suffice. If the authors have such data, then they should discuss how it affects their classification of pre-miRNAs into "loop to base" and "base to loop" processing modalities. Do they suspect that any pre-miRNAs can be processed from both ends?
Minor concerns and corrections (1) Figure 4B documents the authors' efforts to reconfigure pre-miR319 such that the terminal loop and open lower stem structures are exchanged with respect to the miR319 position. The small RNA blot and phenotypic data suggest that this reconfigured pre-miR319 is processed, albeit inefficiently, to release a functional miR319. Detection of processing intermediates by 5'RACE (along the lines of Figure 2 ) would allow the authors to confirm the direction of processing that prevails in this variant case. (3) Page 17, the statement, "a loop to base processing pathway could be a prerogative for plants, as all dicing steps are performed in the nucleus," is too categorical, and could be misinterpreted to mean that all plant DCLs perform all dicing functions only in the nucleus, which is surely false. "pre-miRNA dicing" could be specified, or the specialized role of DCL1 mentioned to avoid confusion.
(4) Page 12, "In contrast, when we overexpressed miR319 in serrate and hyl1 mutants we observed an important decrease on the levels of the miRNA," needs a usage correction, probably to, "... we observed a marked decrease in the levels of the miRNA."
(5) Page 20, the authors acknowledge receipt of "dcl123 seeds", which was probably meant to read "dcl234 seeds", given the data presented in Figure 4A .
Referee #3 (Remarks to the Author):
The manuscript "A loop to base processing mechanism underlies the biogenesis of plant microRNAs miR319 and miR159" by Bologna et al. is well written and the experimental data is solid. The earlier literature dealing with processing of miRNA precursors in animals and plants was respected. The introduction is well balanced and is written for a broad audience. This work describes the mechanisms important for a correct processing of miR319a. The authors identified a novel mechanism by which small RNAs are sequentially processed from the upper stem close to the loop towards the base of the fold-back RNA structure. This novel mechanism seems specific to pre-miR159 and pre-miR319 since, using the same experimental approach, the authors found that the unrelated miRNA precursor pre-miR172 is processed from the base. The authors identified and studied structural features present in pre-miR319a important for a correct folding of the stem loop hairpin and necessary for an optimal processing of a functional miR319a. By introducing different mutations and deletions in the fold-back structure the authors convincingly demonstrate that: 1.The upper stem and the loop are necessary for the proper accumulation of a functional miR319a (but not the lower stem downstream of miR319/miR319* segment). 2.The processing of miR319a is initiated from the loop. After three rounds of cleavage towards the stem base, the miR319/miR319* duplex is excised. Processing of miR319a is DCL1-, SE-, and HYL1-dependent but does not depend on the other Dicer-like enzymes DCL2, DCL3, and DCL4. 3.The bulges present in the upper stem prevent the accumulation of small RNAs other than miR319 and explain their instability in the cell. Furthermore, visual screens of leaf phenotype rapidly help validate the functionality of the mature miR319a deriving from transgenic constructs. Overexpression of a functional miR319a in wild-type plants results in a clear phenotype, that is, crinkled leaves. In contrast, plants overexpressing modified stem loop hairpins with an impaired miR319a processing or producing a non-functional mature miR319 show a normal leaf phenotype similar to wild-type plants. The major claim of this work is the identification of a novel miRNA processing mechanism different from the already described Drosha/Dicer-mediated processing in animals and the DCL1/HYL1-mediated processing in plants. It would be interesting to know if this processing mechanism occurs in other "long pre-miRNAs" in Arabidopsis. Unfortunately, the authors did not use miRNA precursors with a length closer to miR319a (175 nt) but rather shorter pre-miRNAs with a less structured stem (miR172, miR398a, miR165a and miR164c). However, since the authors clearly specify that the mechanism is for the time being described only for the miR159/319 family the reader understands that additional work will be done using additional pre-miRNAs and will be described elsewhere. The authors suggest that processing of pre-miR319a is likely mediated by other specific factors yet to be discovered. As a preliminary result, it would have been important to know if the small RNAs detected by deep sequencing in Rajagopalan et al. (2006) , Fahlgren et al.-(2007) , and Qi et al. (2006) and mapping to pre-miR319a upper stem are expressed in mutants impaired in the miRNA and RNA silencing pathways (e.g. dcl1, dcl,, dcl3, dcl4, hyl1, hen1, xrn4,...). The results presented in Figure 4a concern the mature miR319a but unfortunately not other small RNAs processed from the upper stem. The authors state by "data not shown" that no other small RNA than miR319 is detectable by small RNA Northern analysis. However, the method used by the authors is not sensitive enough. This lowly abundant small RNAs are usually detectable using at least 20 µg of purified small RNA fraction. Using LNA probes labeled with isotopes of high specific activity would increase even more the sensitivity of detection. The authors used 4 to8 µg of total RNA which is enough for the detection of small RNAs deriving from the transgenic constructs but not for detecting the endogenous small RNAs naturally present in Arabidopsis. Additionally, the authors suggest that the bulges present in the upper stem would prevent incorporation into AGO complexes. I do not agree totally with this statement since the small RNA highlighted in blue in Figure 5A (ATGAATGATGCGGTAGACAA) was indeed co-immunoprecipitated with AGO4 in the study of Qi et al. (2006) (NCBI acc. No DQ945224 and DQ943442) . I suggest that the authors discuss this data and redesign the model in Figure 6 by, for instance, adding a question mark (?) to the step leading to the degradation of "small RNA 1" after the second cleavage. 1.The font size of the nucleotides forming the stem loop hairpins in Figure 1 is too small to read. The font size should be increased. 2.For a broad audience and the non specialist, I recommend to always highlight the miR319* using another color (blue or green) and to indicate 5' and 3' ends for all stem loop hairpins in all the figures.
3.Indicate the number of sequenced clones corresponding to cleavage sites 1, 2, 3, 4 in Figure 2B Detailed description of the changes made in response to the referees:
Referee #1 (Remarks to the Author): ...
Specific comments 1. The apical region of miR-319 is essential and sufficient to initiate miR-319 precursor cleavage by the DICER LIKE 1 nuclease. Would the mutant harboring the miRNA/miRNA* adjoined to miR-319 apical region still support the non-canonical processing pathway?
The four DICER cuts in the miR319 precursor define three regions in the stem. An apical region that is partially structured, a middle segment that has little secondary structure, and the highly structured miRNA/miRNA* region. We have increased the middle segments secondary structure and found that it was detrimental for miR319 biogenesis. Therefore, an unstructured region linking the apical region and the miRNA is necessary for the efficient generation of miR319. We added a new supplementary Figure showing the importance of this unstructured central region (Supplementary Figure S5 ).
On Fig. 2, it is shown that both ath-miR-319a and ppt-miR-319a follow the same loop to base mechanism while generating mature miRNAs. In light of no apparent structure and/or sequence similarity of the apical regions of the corresponding stem-loops what would be the possible explanation for the similar miRNA biogenesis mechanism?
We performed an alignment between Arabidopsis and Physcomitrella miR319 precursors and observed that there are conserved sequences along the upper stem region, which are in good agreement with the conserved mechanism. This sequence conservation is not obvious from the precursors' schemes shown in Figure 2 . We added a new figure with the alignment highlighting the conservation of the miR319 precursors (Supplementary Figure S4) . Referee #2 (Remarks to the Author):
... Rajagopalan et al. 2006 , Vazquez et al. 2008 , also reviewed in Voinnet 2009 We have added a paragraph in the discussion to emphasize this point. As suggested by the reviewer, we performed a deletion of the pri-miR172 loop and found that it is still efficiently processed (New data, Supplementary Figure S2B ). These results highlight the different sequence requirements for both types of processing mechanisms. Genome-wide studies have revealed that most of the plant precursors are processed first in their base (German et al., Nature Biotechnology 2008). We think, however, that chances are that other precursors processed first at the loop. Unfortunately, due to the large heterogeneity of stem-loop sizes and shapes in plants, it is hard to predict which ones could be processed "loop to base". Figure 4B documents Figure 2 ) would allow the authors to confirm the direction of processing that prevails in this variant case.
Past studies hypothesized that MIR genes evolved from ancestral "proto-MIRs", which were products of inverted gene duplication (Allen et al. 2004). Given their invertedrepeat origin, proto-MIRs would have tight stem structures with few bulges, making them susceptible to processing by multiple DCL enzymes (

Minor concerns and corrections (1)
We have tried to determine the 5' RACE products of the reverse miR319 precursor. However, as it is inefficiently processed, we detected many cleavage positions that appeared stochastically along its sequence. These positions likely represent the RNA decay pathway from those precursors which are not processed. Therefore we decided not include this data in the manuscript. We have changed the text.
It was a typo. We have modified the text. (miR172, miR398a, miR165a and miR164c) . However, since the authors clearly specify that the mechanism is for the time being described only for the miR159/319 family the reader understands that additional work will be done using additional pre-miRNAs and will be described elsewhere.
We focused our studies on conserved microRNAs. Among these precursors, miR319 and miR159 are the longest. The reviewer is correct: we are preparing another manuscript showing in detail the sequence requirements for canonical "base to loop" processing of plant miRNAs.
The authors suggest that processing of pre-miR319a is likely mediated by other specific factors yet to be discovered. As a preliminary result, it would have been important to know if the small RNAs detected by deep sequencing in Rajagopalan et al. (2006) , Fahlgren et al.-(2007) , and Qi et al. (2006) and mapping to pre-miR319a upper stem are expressed in mutants impaired in the miRNA and RNA silencing pathways (e.g. dcl1, dcl,, dcl3, dcl4, hyl1, hen1, xrn4,...) . The results presented in Figure 4a concern As suggested by the reviewer, we designed LNA probes against other small RNAs. We loaded a gel with 50 ug of RNA, as indicated by the reviewer, and then we could actually detect the small RNA#1, albeit it was weakly expressed. In addition we did not detect any band in hyl1 mutants, demonstrating that the first cleavages below the loop depend on this protein, like other miRNAs (new data, added to Supplementary Figure  S6) .
Additionally, the authors suggest that the bulges present in the upper stem would prevent incorporation into AGO complexes. I do not agree totally with this statement since the small RNA highlighted in blue in Figure 5A (ATGAATGATGCGGTAGACAA) was indeed co-immunoprecipitated with AGO4 in the study of Qi et al. (2006) (NCBI acc. No DQ945224 and DQ943442) . I suggest that the authors discuss this data and redesign the model in Figure 6 by, for instance, adding a question mark (?) to the step leading to the degradation of "small RNA 1" after the second cleavage.
We have added to the text that even though the small RNA #1 (NCBI acc. No DQ945224 and DQ943442) is expressed at low levels, it also associates with AGO4. We discussed this data and modified the model accordingly. Corrected.
-Results: Figure 1 is too small to read. The font size should be increased.
1.The font size of the nucleotides forming the stem loop hairpins in
The resolution of the figure was affected by the pdf compression. It should look fine otherwise. 
2.For a broad
Done.
3.Indicate the number of sequenced clones corresponding to cleavage sites 1, 2, 3, 4 in Figure 2B .
The arrows indicated in Figure 2B corresponded to the bands depicted in the gel (inset Figure 2B) . We have performed an 5' RACE library of miR319 precursor and added those results to the figure.
4.The line 319US∆1 should be named in a consistent way throughout all the manuscript and the figures (found as 319∆US1 paragraph 4)
Corrected. Figure 2F ) instead of RiSC Done.
5.Paragraph 6: RISC (
